Background and aims Facilitative plant-plant interactions are common in harsh environments such as Arctic and alpine tree lines. In Fennoscandia, mountain birch dominates tree lines, but mixes with Scots pine in less severe areas. Using over 30-yr. old Scots pine common gardens, established at three locations near the present Scots pine tree line, we tested (1) if mountain birch can facilitate Scots pine numbers and (2) if improved soil fertility under mountain birch canopies has a role in facilitation. Methods We counted the number of pines within 1-m and 3-m radii of the tallest mountain birch vs. a random spot in 70-75 planting plots and sampled soil for nutrients at 0.3-, 1-and 3-m distance to the birch in ten plots in each location. Results Number of Scots pines was 29% higher within a 1-m radius of a mountain birch than of a random spot. This effect did not depend on location, although the locations differed significantly in soil fertility, and no effect was detected within a 3-m radius. Concentrations of water, NH 4 , NO 3 and PO 4 decreased significantly with increasing distance to a mountain birch, but only in the least fertile location. Conclusions Mountain birch can significantly facilitate Scots pine in tree line conditions. However, unlike we expected, improved soil fertility under birch canopies may not have a general role in facilitation.
Introduction
Arctic and alpine tree lines are, by definition, environments where trees grow in the extreme of their physiological tolerance. In such environments those plantplant interactions, which in less severe environments are competitive, may become facilitative as individuals ameliorate their habitat and buffer their neighbors from stress (Bertness and Callaway 1994; Brooker et al. 2008) . Facilitation is widespread in communities and can be driven by various mechanisms (McIntire and Fajardo 2014) , but the case of abiotic stress amelioration commonly consists of buffered soil and air temperature, protection from wind and blowing snow and enhanced soil moisture and nutrient content (Brooker et al. 2008) . In severe habitats, stress amelioration is often manifested by spatial aggregation of plant individuals as in the so-called Btree islands^ (Marr 1977; Germino et al. 2002; Pyatt et al. 2016) . For instance, in the Rocky Mountains alpine tree line, Abies lasiocarpa seedlings and mature trees are highly aggregated around Pinus albicaulis trees, most likely due to the protection from wind, whereas at lower elevations such aggregation does not develop (Callaway 1998) .
The stress-gradient hypothesis (Bertness and Callaway 1994) predicts that the relative importance of competition and facilitation in structuring plant communities varies predictably along the environmental gradient of physical stress. The prediction has been verified in several studies, and for example in alpine plant communities, the commonness of facilitative interactions increases with elevation and decreasing temperatures (Callaway et al. 2002) . Because the facilitated species are typically at the limit of their environmental tolerance, facilitation often expands their distribution (Choler et al. 2001) . However, the balance between competition and facilitation in tree line environments is subtle, often varying among adjacent microsites (Renard et al. 2016) , and could be affected by climate change. Extreme nutrient deficiency, a consequence of low temperatures, restricted microbial activity and slow nutrient cycling, is one key attribute of environmental harshness in Arctic and alpine environments (Callaghan et al. 2004; Ernakovich et al. 2014 ) and due to increasing nutrient availability in the warmer climate, species interactions might in the future turn negative (Klanderud 2005; Klanderud and Totland 2005) . In such case, warming could have more drastic influences on the structure of plant communities than what could be expected based on the physiological responses of species to changes in their abiotic conditions (Callaway et al. 2002) .
In the northern parts of Fennoscandia, mountain birch (Betula pubescens subsp. czerepanovii) and Scots pine (Pinus sylvestris) are the tree species that reach the far North. Mountain birch forms the Subarctic forests and dominates latitudinal and altitudinal tree lines, but the two species also mix in more southern and less elevated parts of mountain birch distribution. In Fennoscandia, the former changes of tree species distributions are thought to be determined by Holocene temperature variations (Gervais et al. 2002; Normand et al. 2011) and temperature is suggested to be the key factor that shapes the Scots pine tree line (Hustich 1979; Kullman 2014) . However, some palaeoecological analyses suggest that migrations of tree species during Holocene were not entirely governed by climate, but also by biotic interactions (Seppä 1996) . Recent experimental work also points to the importance of complex interactions among trees, shrubs, herbivores and soil nutrient availability in determining the response of tree distributions to the climatic change (Grau et al. 2012) . In tree line conditions, Scots pine suffers from climatic and especially wind injuries, but also from reindeer, Rangifer tarandus and moose, Alces alces browsing and antler cleaning (Holtmeier and Broll 2011; Kullman 2014) . Supporting the importance of plantplant interactions, open mountain birch stands seem to be beneficial for Scots pine survival and growth, presumably due to snow piling up and protecting the seedlings and trees from winter wind (Holtmeier and Broll 2011) . Scots pine trees also seem to aggregate around mountain birches and form tree islands at least in some parts of the present tree line (Fig. 1 ). It has earlier been shown that mature mountain birches can facilitate birch seedling performance and survival at high stress sites of strong winds and extreme temperatures (Eränen and Kozlov 2008) , but as far as we know, the seemingly facilitative interaction between mountain birch and Scots pine has not earlier been quantified.
The quality of plant litter, in terms of nutrient and secondary metabolite concentrations, can have substantial effects on the availability of nutrients in the soil (Wardle et al. 1997 ). On average, nutrient cycling is faster under deciduous than evergreen trees, and for instance silver birch, B. pendula, produces soils of higher nutrient mineralization than Scots pine (Kanerva and Smolander 2007; Kanerva et al. 2008) . We have recently shown that soil fertility (i.e. the availability of mineral N and P in the soil) is among the major factors that explain the variation of Scots pine survival and fitness nearby the present Scots pine treeline (Rousi et al. 2017) . Likewise, at the present altitudinal tree line of Swiss Alps, the establishment of seedlings of several tree species is not limited by the current climate, but instead the growth is controlled by soil N availability (Zurbriggen et al. 2013) . Although the role of nutrients in tree line formation is also questioned (Fajardo and Piper 2017; Mayor et al. 2017) , these findings suggest that soil fertility may at least locally determine tree growth and survival and that enhanced soil fertility could be a mechanism through which plant individuals affect each other. In particular, in nutrient poor conditions individuals of a species that produces litter of good quality and sustains fast nutrient cycling could facilitate individuals of other species.
Here we report results from a field survey of Scots pine numbers and soil nutrient availability around mountain birch trees at three locations nearby the present Scots pine tree line. We hypothesized that mountain birches: (1) facilitate neighboring Scots pine trees (Fig.  1) , and (2) improve soil fertility under their canopy. Following the stress-gradient hypothesis, we further predicted that (3) the facilitative effect of mountain birch on Scots pine numbers is strongest at the location of lowest overall soil fertility, i.e. at the location of highest stress of nutrient scarcity. The novelty of our study lies in the mountain birch-Scots pine interaction, which has not earlier been examined from the facilitation perspective. Mountain birch and Scots pine are the main tree species, with wide distribution and high abundance, in the far North and their survival, growth and interactions likely have an important role in the response of northern ecosystems to climate warming.
Material and methods

Study locations and the common garden set-up
We collected our data from a set of 15 common garden experiments. These experiments were originally established at five locations using one-year-old seedlings to test the effects of seed origin (23 populations), heat sum and planting year (1982) (1983) (1984) on Scots pine fitness in its northern limits (Rousi et al. 2017) . The seedlings were raised in a nursery in Pakatti, Kittilä (67°40′N, 24°54′E) in 1981-83, and for each origin, the seeds were collected from a minimum of 20 trees and mixed. In each of the five locations, a common garden with six (1982 plantations) or five (1983, 1984) replicate blocks was established for each of the three planting years. Within replicate blocks, the origins were randomly allocated to 13-17 planting plots (the number of plots depending on the number of Scots pine origins planted in each year), with 49 (1982) or 100 (1983 and 1984) seedlings of the same origin planted into each plot using a planting distance of 1 m.
Of the three northernmost locations (Table 1) , Kilpisjärvi (69°04′N, 20°46′E) and Muotkatakka (68°55′N, 20°59′E) are above the present Scots pine tree line, while Pättikkä (68°38′N, 21°44′E) is at the tree line, slightly above the present timberline. At these locations, scattered mountain birches were left in the planting plots when the common gardens were established (Rousi et al. 2017) . Of the locations, Pättikkä has significantly lower mineral N and P soil contents than Kilpisjärvi and Muotkatakka, which do not significantly differ from each other (Rousi et al. 2017) . The two southernmost locations of the original set-up -Pallasjärvi and Laanila -are in pine forests outside the distributional range of mountain birch and therefore, excluded from this study. Table 1 The altitude, mean growing degree days (with a 5°C threshold), mean summer rainfall, soil type and the mean height of planted Scots pine trees (measured in 2013 at the age of 30-32 years; Rousi et al. 2017) Plant and soil measurements
Of the 23 origins included in the full set-up, we randomly selected the origins 6, 9, 11, 14 and 15 for our study. To quantify the effect of mountain birch on Scots pine, we counted the number of Scots pine trees within 1-m and 3-m radii of (a) the trunk of the tallest mountain birch and (b) the center (representing a random control spot for the birch effect) of each planting plot of the five selected origins (70-75 plots per location) in the middle of June 2015. In the 1-m grid used for planting, a circle of 1-m radius covers 2-4 planting spots depending on the placement of the circle (the maximum number of 5 spots is covered in a rare case the center of the circle is exactly at one planting spot). This is variation that we could not control when counting the pines as only 10-50% of trees were alive (Rousi et al. 2017 ) and the grid was not discernible at all plots. For this reason, we do not calculate pine survival, but express the results as the number of observed pines. The number of pines is a reliable measure of the performance of the planted seedlings as seed dispersal and regeneration of local pines is highly unlikely at our area. Even at the southernmost location in Pättikkä, the distance to isolated natural pines is~10 km. Moreover, while Scots pine seed production in tree line conditions requires good heat sum accumulation, taking place only twice or thrice in a century (Juntunen and Neuvonen 2006) , the early summers of our experiment were exceptionally cold ( Fig. 2 in Rousi et al. 2017 ). In addition to pines, the tallest birches and plot centers had mountain birches within their 1-m and 3-m radii (the min, max and median number of these birches were 0, 1 and 0 for tallest birch 1-m rad; 0, 6 and 1 for tallest birch 3-m rad; 0, 5 and 0 for plot center 1-m rad; and 0, 8 and 1
for plot center 3-m rad, respectively). The influence of these birches on the number of pines was controlled by including their number as a covariate in the statistical models.
To test the effect of mountain birch on soil fertility, we collected soil samples (diameter 3 cm, depth 10 cm or to the nearest rock) along a distance gradient (0.3, 1 and 3 m) from the trunk of the tallest mountain birch of a planting plot (always towards the center of the plot to randomize the direction) in ten random plots at each location (n = 30 for the entire data). In this gradient, the samples collected at the 3-m distance are supposed to tell of the general soil fertility in the location. Soil samples were frozen until the analysis was started in late September. Each sample was divided longitudinally into four parts: one part was used for measuring the water and organic matter (OM) contents and two parts for analyzing mineral N and P. For measuring water content, the subsample was weighed, dried (70°C, 48 h) and reweighed. The OM content was then estimated as loss on ignition (550°C, 4 h). For nutrient analysis, the samples were extracted in 70 ml of distilled water, filtered through a glass microfiber filter (Whatman, GE Healthcare Europe GmbH) and frozen until the NH 4 , NO 3 and PO 4 concentrations were analyzed using Lachat QuikChem 8000 analyzer (Zallweger Analytics, Inc., Lachat Instruments Division, USA).
Data analysis
The effect of birch closeness on the number of pine individuals (i.e. the number of pines within a certain Fig. 2 Number of Scots pine trees (mean ± SE, n = 70-75) within 1-m and 3-m radii of the trunk of the tallest mountain birch (gray bars) vs. a random spot (white bars) of a planting plot at Kilpisjärvi, Muotkatakka and Pättikkä common garden locations radius of the tallest birch vs. within an equal radius of a random control spot) was tested for each radius separately using a generalized linear mixed model with a Poisson probability distribution and a Log link function. The location, common garden, replicate block and the Scots pine origin were included in the model to explain spatial and genetic variation. Of these, the location was treated as a fixed factor, while others were random. To control the effect of other than the tallest birch, the number of 'other' birches within the surveyed radius was included in the model as a covariate. In the model, the common garden was nested within the location and the replicate block within the common garden. To test whether the effect of birch closeness on the number of pines varied with the location or pine origin, birch × location and birch × origin interactions were included in the model.
The effect of birch distance on soil variables was tested using ANCOVA models, where the location was treated as a fixed factor, the replicate block and planting plot as random factors and the distance as a covariate. The replicate block was nested within the location and the planting plot within the replicate block. A birch distance × location interaction was included in the model to test if the distance effect varied among the locations. If the interaction effect was statistically significant, the distance effect was tested separately within each location. The assumptions of ANCOVA were checked using residual plots and to fulfil the assumptions, all response variables were log-transformed before the analysis. All statistical analyses were carried out using the SPSS statistical package (IBM Corp. 2016).
Results
Mountain birch effect on Scots pine numbers
The number of Scots pines was on average 29% higher within a 1-m radius of the tallest mountain birch than within a 1-m radius of the center of the field plot (Table 2, Fig. 2 ). This effect did not depend on the location or pine origin (Table 2 , Fig. 2) . No effect of birch on pine numbers was found within a 3-m radius of the birch (Table 2 , Fig. 2 ). The number of pines differed among the locations, but was not significantly affected by the number of other birches within the counting areas (Table 2) .
Changes in soil characteristics along an increasing distance to a mountain birch Soil water and nutrient concentrations were affected by a statistically significant birch distance × location interaction effect (Table 3) . This was because the water and nutrient concentrations decreased with increasing distance in Pättikkä only (Fig. 3) . In Pättikkä, the water, NH 4 , NO 3 and PO 4 concentrations were 2-, 8-, 5-and 103-fold, respectively, in soil samples collected at a 0.3-m distance in comparison to the concentrations found in samples collected at a 3-m distance of the birch (P < 0.001 for distance effects in all tests carried out with the Pättikkä data) (Fig. 3) . Looking at the birch distance × location interaction from another angle reveals how birch closeness significantly reduced the difference in soil water and nutrient concentrations among the three locations (Fig. 3) . For instance, at the distance of 3 m of a mountain birch, the NH 4 and PO 4 concentrations were on average 12-and 830-fold in Kilpisjärvi in comparison to Pättikkä, but only 1.5-and 5-fold at a distance of 0.3 m (Fig. 3) . Birch distance had no statistically significant effect on soil OM content, but the pattern along the increasing distance and among the locations closely resembled the patterns in other soil variables (Table 3, Fig. 3 ).
Discussion
Confirming our first prediction, we found that the number of Scots pine trees was 29% higher under a mountain birch canopy (< 1 m distance from the trunk) than at a random field spot. Notably, the magnitude of this effect did not vary across the locations. Confirming our second prediction, mountain birches could significantly improve soil fertility under their canopy, but in contrast to what we expected, this effect was not general across the locations. The effect was strong in Pättikkä, moderate in Muotkatakka, whereas no effect was found in Kilpisjärvi. Our third prediction was rejected as the facilitative effect did not respond to the differences in overall soil fertility among the locations. Remarkably, the magnitude of facilitation was equal in Kilpisjärvi and Pättikkä, where the fertility gradients around mountain birches were completely different -i.e. none versus sharp, respectively. These results suggest that the facilitative effect of mountain birch on Scots pine is common in the tree line conditions, but cannot be generally explained by improved soil fertility under the canopy of mountain birch trees.
The facilitative effect we observed was limited to the immediate vicinity of mountain birch trees as it disappeared within a 3-m radius. Such Bnursing tree^effects and tree islands are well described in a number of harsh environments (Brooker et al. 2008 ), but they have not earlier been quantified in the mountain birch forests in the Scots pine tree line. Another novelty in our study is that due to the experimental set-up we were able to show that the facilitative effect did not vary with location or Scots pine origin. This suggests that although the success of Scots pine in tree line conditions is ultimately governed by the adaptation of populations to the harsh climate, the plant-plant interactions and facilitation may also have an important, general role. Mountain birch has a great migration potential; it has high intrapopulation genetic variation, the seedlings benefit of higher temperatures and the populations are already approaching higher altitudes (Truong et al. 2007 ). Due to the facilitation, this could pave the way for Scots pine advancement as well.
Ontogenetic shifts from facilitation to competition are common in plant-plant interactions (Miriti 2006) . For instance, Eränen and Kozlov (2008) found faciliation of mountain birch seedlings by mature trees shortly after planting, but a shift towards host-seedling competition emerged after a few years. Similarly, the initially positive effect of a shrub, Vaccinium myrtillus, on the survival of mountain birch seedlings was found to vanish in a few years (Grau et al. 2012) , and the poorer performance of mountain birch seedlings in mountain birch forests than in the adjacent tree line (Grau et al. 2012) further implies competition between the adults and seedlings. In our study, we do not have records of the facilitative effect of birches on the numbers of pine seedlings in their early growth and cannot tell if the magnitude of facilitation decreased along with the aging of Scots pine trees. What is remarkable, however, is that the facilitative effect did not turn into negative during Table 2 F and P statistics of generalized linear mixed models of the effects of a mountain birch (the tallest birch vs. a random spot of a planting plot), location (Kilpisjärvi, Muotkatakka and Pättikkä), the number of other birch individuals within the surveyed area, and the birch × location and birch × Scots pine origin (five origins) interactions on the number of pine trees within 1-m and 3-m radii of the birch (although not presented, common garden, replicate block and pine origin were included in the models as random effects) df 1-m radius 3-m radius the 30 years of adjacent growth. This suggests that mountain birch has a strong positive influence on Scots pine, as was also observed by Holtmeier and Broll (2011) in open mountain birch forests. This may widen the distribution of Scots pine leading edge populations and supports the idea that migrations of tree species are not entirely governed by the climate, but also by biotic interactions (Seppä 1996) . On the other hand, dense mountain birch forests are suggested to be an obstacle for Scots pine elevational dispersal (Kullman 2014) . Different mechanisms and a balance between resource competition and facilitation might explain the contrasting conclusions: i.e., while competition and barriers of seed dispersal and germination may prevail in dense forests, habitat amelioration and subsequent facilitation may predominate in sparse forests and areas of solitary mountain birch trees. Our areas resembled the latter case and it should be noted that our observations are based on Scots pine trees that were planted as one-year-old seedlings. Seed dispersal and germination were therefore not subjected to local conditions. Stressful environments are those where plants are limited in their dry-matter production (Grime 1977) and plant productivity needs to be assessed to verify a stress gradient (Lortie and Callaway 2006) . We tested the stress-gradient hypothesis by comparing the mountain birch effect across a gradient of soil fertility, which we have earlier shown to be a major explaining factor in the variation of Scots pine growth in tree line conditions (Rousi et al. 2017) . Although these earlier findings show that nutrient deficiency is a stress factor in our study environment, the magnitude of the facilitative effect of mountain birch on Scots pine number did not respond to the variation in soil fertility in our present survey. In tree line environments, long snowpack duration is often positively linked to tree seedling survival (Renard et al. 2016) . Consistent with this, Kullman (2014) has suggested that winter and spring desiccation of those needles and shoots that reach above the protecting snow cover is an important mortality factor for Scots pine in the far North. One probable mechanism for the widespread facilitative effect that we found is therefore that snow piles up around mature mountain Fig. 3 Soil OM, water and mineral nutrient contents along an increasing distance to the trunk of the tallest mountain birch of a planting plot (n = 10) at Kilpisjärvi (black symbols and black line), Muotkatakka (gray symbols and gray line) and Pättikkä (white symbols and dashed line) common garden locations birches and protects pines from desiccation. Despite this, it is astonishing that the enormously improved soil fertility under mountain birch canopies in Pättikkä, which had very poor overall soil fertility, did not have a greater positive effect on pine numbers than soils under canopies in other locations. An explanation may be related to the ability of mountain birch to efficiently take up the nutrients that are released from its litter. It has earlier been shown that the benefit to other plants of improved fertility under a tree canopy can be cancelled out by a dense root system of the tree under its canopy (Callaway et al. 1991) . As mountain birch is living in tree line conditions, it is most likely well adapted for competing for the nutrients mineralized from its litter. This could explain why the numbers of Scots pine do not as closely track the gradients in soil nutrient availability amidst mountain birches as they seem to track the landscape-scale variation (Rousi et al. 2017 ). Finally, it is possible that our locations merge two simultaneous stress gradients -coldness and nutrient deficiency. Pättikkä represents the extreme of nutrient deficiency, while Kilpisjärvi has very cold summers, manifested as lower tree height (Table 1 ) and tree number (Fig. 2) than in Pättikkä. As a result, the mechanisms of facilitation may differ among the sites with the improved soil fertility having higher significance in Pättikkä and the physical protection from harsh climate in Kilpisjärvi.
To conclude, our results show that mountain birch can significantly facilitate Scots pine in present tree line conditions. Moreover, as the facilitation does not seem to depend on the level of soil nutrient deficiency, it will likely remain and not turn into competition despite the anticipated increases in soil nutrient availability in the future warmer climate (cf. Klanderud 2005; Klanderud and Totland 2005) .
